IMPORTANCE Low-cost sequencing of multiple genes is increasingly available for cancer risk assessment. Little is known about uptake or outcomes of multiple-gene sequencing after breast cancer diagnosis in community practice.
G ermline genetic testing in patients newly diagnosed with cancer has the potential to reduce disease burden through secondary prevention and targeted therapies. Thus, there is enormous need to understand how genetic testing is being integrated into practice for patients newly diagnosed with cancer and the impact of results on treatment decisions. 1 Additionally, testing relatives of patients with cancer who carry pathogenic variants is a potentially efficient strategy for population-wide cancer prevention. 2 Recent advances in next-generation, massively parallel sequencing and regulatory changes have made low-cost, more comprehensive genetic testing increasingly accessible. [3] [4] [5] After 2 decades when only 2 breast cancer-associated genes (BRCA1 and BRCA2 [BRCA1/2]) were routinely sequenced, panels of up to 90 cancer-associated genes are now widely available. As clinical whole-genome sequencing becomes increasingly feasible, it is crucial to understand the implications of expanded genetic testing on practice and patient experiences. Yet virtually nothing is known about the uptake, results, or consequences of multiple-gene sequencing in community practice.
To address this gap, we examined uptake and outcomes of multiple-gene sequencing in a large, population-based, contemporary cohort of patients recently diagnosed with breast cancer. The iCanCare study began accrual 1 month after a US Supreme Court decision led to markedly lower costs of multiple-gene sequencing for breast cancer risk. 4 We linked information on genetic test use and results directly from 4 genetic laboratories that perform most germline testing for patients with breast cancer in the study regions. We integrated this information with patient survey and Surveillance, Epidemiology and End Results (SEER) registry clinical data to examine trends, results, and consequences of multiple-gene vs BRCA1/2-only sequencing.
Methods

Study Sample and Data Collection
As previously reported, 6-12 the iCanCare study identified women aged 20 to 79 years, diagnosed with stages 0 to II breast cancer, and reported to the Georgia or Los Angeles County SEER registries. Exclusion criteria of the iCanCare study included: prior breast cancer, tumors larger than 5 cm or with more than 3 involved lymph nodes. Patients were mailed survey materials and a $20 cash gift between July 2013 and August 2015.
We used a modified Dillman method 13 to encourage response (median [SD] time from diagnosis to survey completion: 6.0 [2.8] months). We sent surveys to 7810 patients: 507 were ineligible owing to exclusions noted above or were deceased, institutionalized, too ill, or unable to complete a survey in Spanish or English, leaving 7303 patients. The survey was completed by 5080 eligible patients (response rate = 70%) and was published previously.
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Survey responses were merged with SEER clinical data and genetic testing information obtained from 4 laboratories (Ambry Genetics, Aliso Viejo, CA; GeneDx, Gaithersburg, MD; Invitae, San Francisco, CA; Myriad Genetics, Salt Lake City, UT) that tested patients in the study regions. Test type and results were merged to 5026 patients with complete information on all variables for SEER-genetic testing linkage using a probabilistic matching strategy performed by Information Management Services, Inc (IMS). The Safe Harbor method was used to deidentify the data set before transfer to the University of Michigan for analysis.
14 Questions about germline testing experiences were added for the latter half of study participants.
The collaboration was covered under data use agreements between the University of Michigan, genetic laboratories, and IMS. The research was approved by institutional review boards of the University of Michigan, Emory University, the University of Southern California, the Georgia Department of Public Health, the California State Committee for the Protection of Human Subjects, and California Cancer Registry. Signed consent was waived for the survey. Waivers of informed consent and authorization were approved given the use of a third-party honest broker to conduct the linkage and create a deidentified data set for analyses. 
Testing Measures From Laboratories
Testing Experience Measures From Surveys
Test experience measures included timing (before cancer diagnosis, after diagnosis but before surgery, after surgery) along with who ordered the test and discussed results with the patient (surgeon, medical oncologist, genetic counselor, or multiple health professionals [both surgeon and medical oncologist]). Treatment experiences from patient report included how strongly the patient considered contralateral prophylactic mastectomy (5-point Likert scale from "not at all" to "very strongly," collapsed to binary categories of "strongly" vs "less strongly"); how strongly their surgeon recommended prophylactic mastectomy (also collapsed to "strongly" vs "less strongly"); and whether they received prophylactic mastectomy.
Risk Measures From Surveys and SEER
We created a measure of higher pretest risk for pathogenic variant carriage using SEER-reported tumor characteristics and selfreported family cancer history, consistent with the National Comprehensive Cancer Network (NCCN) guidelines and used in our prior work. 11,12,17 Patients were considered at higher pretest risk if they had any of the following: 45 years or younger at breast cancer diagnosis, triple-negative breast cancer diagnosed at younger than 60 years; any relative with ovarian cancer, sarcoma, or male breast cancer; 2 or more first-degree relatives with breast cancer (for patients diagnosed at 50 years or younger, 1 or more firstdegree relative with breast cancer); Ashkenazi Jewish ancestry; or family history of a pathogenic variant conferring high risk (eg, BRCA1/2). Other covariates included age (<50 years vs ≥50 years), race/ethnicity (white non-Hispanic, black, Hispanic, or Asian), tumor laterality (unilateral, bilateral), partner status, income level, insurance status, and geographic site.
Statistical Methods
We examined testing use by test type and pretest risk among all patients. We used a generalized logit model without adjustment for covariates to estimate trends in test type among testers over time. Among tested patients, we evaluated the association of multiple-gene sequencing vs BRCA1/2-only testing with clinical and sociodemographic covariates using logistic regression that also controlled for time. We examined results by clinical and sociodemographic subgroups and treatment experiences by test results. We described patient testing experiences by test type in the subgroup that was asked these questions. We used survey design and nonresponse weights to compensate for the differential probability of patient selection and survey nonresponse among subgroups with various characteristics. 
Genetic Test Uptake Over Time
There was no change over time in the proportion of patients receiving any genetic test (approximately one-quarter). However, there was substantial change in test type over time, with multiplegene sequencing increasingly replacing BRCA1/2-only testing for patients at both higher and average pretest risk (Figure) . From the first half of 2013 to the first half of 2015, the rate of multiplegene sequencing increased from 4.8% to 19.6% while the rate of BRCA1/2-only testing decreased from 22.6% to 10.0%. Thus, among tested patients, multiple-gene sequencing increasingly replaced BRCA1/2-only testing over time (2013: multiple-gene sequencing, 25.6%; BRCA1/2-only testing, 74.4% vs 2015: multiple-gene sequencing, 66.5%; BRCA1/2-only testing, 33.5%).
Correlates Among Testers of Test Type
On multivariable analysis of receiving multiple-gene sequencing vs BRCA1/2-only testing, there was no association with pretest risk of pathogenic variant carriage (eFigure 2 in the Supplement). Educational attainment was also not associated with test type. Somewhat greater use of multiple-gene sequencing was observed in older patients, Asian patients, and Georgia residents.
Patient Experiences of Genetic Test Ordering, Discussion, and Timing
Among the second half of the study cohort that was asked questions about testing experiences (n = 2443), 639 patients linked to genetic test results from any laboratory, of whom 547 recalled testing ( Table 1) . Although surgeons most frequently ordered both types of genetic testing, genetic counselors were more often the ordering clinician for multiple-gene sequencing vs BRCA1/2-only testing (25.5% vs 15.3%; P < .001). Testing results were most commonly discussed by a genetic counselor, particularly for patients who received multiple-gene sequencing vs BRCA1/2-only testing (69.8% vs 42.0%; P < .001). Although most tests were performed before surgery, multiple-gene sequencing recipients were more likely to report delay in testing until after surgery (32.5% vs 19.9% for BRCA1/2-only testing; P < .001).
Genetic Test Results Among Testers by Pretest Risk
The 51 genes for which test results were provided by laboratories are in eTable 2 in the Supplement.I nb o t hp a t i e n t s deemed higher risk and average pretest risk, pathogenic variants were detected 2 times as often with multiple-gene sequencing (in any gene: higher pretest risk, 12.5%; average risk, 4.2%) ( Table 2) asBRCA1/2-only testing (in BRCA1/2: higher risk, 7.8%; average risk, 2.2%). The other genes in which patients had pathogenic variants were: APC (n=2),ATM (n = 3), BARD1 (n = 1), BRIP1 (n=2),CHEK2 (n=4),MLH1 (n = 1), MSH6 (n = 1), NBN (n = 1), NF1 (n = 1), PALB2 (n = 3), PMS2 (n=2), RAD50 (n = 1), RAD51C (n = 2), and RAD51D (n = 1). No patient had pathogenic variants in BRCA1/2 and another gene. Variants of uncertain significance were 10-fold more frequent with multiple-gene sequencing (higher risk, 27.1%; average risk, 32.9%) than BRCA1/2-only testing (higher risk, 3.6%; average risk, 1.8%). There were substantial racial/ ethnic differences in VUS prevalence. These differences were much larger in magnitude with multiple-gene sequencing (white patients, 23.7%; black patients, 44.5%; Asian patients, 50.9%) than with BRCA1/2-only testing (white patients, 2.2%; black patients, 5.6%; Asian patients, 0% (Table 2) .
Impact of Genetic Results on Prophylactic Mastectomy Outcomes
Pathogenic BRCA1/2 variants were more strongly associated than any other test result with all prophylactic mastectomy-related outcomes (Table 3) . This included patients who strongly considered prophylactic mastectomy (BRCA1/2 pathogenic variant, 80.3%; other pathogenic variant, 39.8%; P < .001), patients' report of surgeons' strong recommendation for prophylactic mastectomy (BRCA1/2-positive disease, 51.4%; other pathogenic variant, 10.3%; P < .001) and prophylactic mastectomy receipt (BRCA1/2 pathogenic variant, 79.0%; other pathogenic variant, 37.6%; VUS, 30.2%; no pathogenic variants or VUS, 35.3%; P < .001).
Discussion
We report the first population-based study of germline multiple-gene sequencing in community practice, with results supplied directly from testing laboratories and linked to SEER data. One-quarter of patients with newly diagnosed breast cancer had a linked genetic test result, and multiple-gene sequencing largely replaced BRCA1/2-only tests over a 2-year period. Similar to other reports in noncommunity based samples, [18] [19] [20] [21] [22] [23] [24] [25] we found that multiple-gene sequencing was 2 times more likely to detect a pathogenic variant for which guidelines advise a change in care. 17, 26 The greater yield of clinically relevant information with multiple-gene sequencing offers a Abbreviation: BRCA1/2, BRCA1 and BRCA2.
a In the second half of the survey (n = 2443), 639 patients linked to genetic testing of whom 547 recalled that they received testing. Differing numbers in the Table rows reflect small numbers of missing responses to the items. Analyses are weighted to compensate for the differential probability of patient selection and survey nonresponse among subgroups with various characteristics.
b Weighted percentages are shown. All comparisons are statistically significant (P < .001).
c Surgeons and medical oncologists. b In total, 64 pathogenic variants were in BRCA1/2, and 24 were in other genes.
The other genes in which patients had pathogenic variants were:
, and RAD51D (1). The total number of pathogenic variants is 25 because 1 patient had 2 pathogenic variants.
c Patients were considered at higher pretest risk if they had any of the following: 45 years or younger at breast cancer diagnosis, triple-negative breast cancer diagnosed at age younger than 60 years; any relative with ovarian cancer, sarcoma, or male breast cancer; 2 or more first-degree relatives with breast cancer (for patients diagnosed at 50 years or younger, 1 or more first-degree relative with breast cancer); Ashkenazi Jewish ancestry; or family history of a pathogenic variant conferring high risk (eg, BRCA1/2), consistent with criteria for genetic testing according to guidelines of the National Comprehensive Cancer Network. major potential advantage over more limited BRCA1/2-only tests. Yet we identified 2 important limitations in the clinical utility of multiple-gene sequencing that must be addressed. First, for many patients, multiple-gene sequencing was performed too late to influence treatment decision making. Patients more often had it postsurgery (32.5% vs 19.9% of patients with BRCA1/2-only testing), limiting use of results in decisions about surgical prevention of second cancers. This delay was not owing to patient characteristics, as we found no meaningful differences according to test type; nor was it likely owing to test characteristics, as turnaround time does not generally vary by gene number. The postsurgical delay associated with multiple-gene sequencing may reflect clinicians' recognition of its greater complexity and need for genetics expertise, as we found that multiple-gene sequencing was significantly more likely to be ordered and discussed by a genetic counselor than was BRCA1/2-only testing. However, clinicians may not consult experts early enough and rapid access to genetic counseling is not universally available, which may explain the delay associated with testing more genes.
Outcomes of Multiple-Gene Sequencing After Diagnosis of Breast Cancer
11,12,27
Since results often come too late to guide surgical choices, the full benefits of multiple-gene sequencing are not achieved.
A second limitation with multiple-gene sequencing was a substantial racial disparity in the clinical validity of results. There was a marked difference in VUS rates on multiple-gene sequencing by race/ethnicity, from 23.7% in non-Hispanic white patients to 50.9% among Asian patients. The cause of this racial VUS gap is more social than biological: most genes were first sequenced in white patients, such that understanding of the normal spectrum of variation in other racial groups is limited (and perpetuated by testing access disparities).
28
Prior studies reported a racial/ethnic VUS disparity on BRCA1/2-only testing 29 ; we previously found that the racial VUS gap widens as more genes are sequenced. 30 With broader testing of a gene within a population, most VUS are reclassified to benign variants that are normal for that group. 28 Extensive VUS reclassification occurred over the last 2 decades of clinical BRCA1/2 testing. Importantly, our results are the first to demonstrate its success in a population-based setting. While there is still some racial/ethnic disparity in VUS rates with BRCA1/2-only testing (non-Hispanic white patients, 2.2%; non-Hispanic black patients, 5.6%; Hispanic patients, 3.7%; Asian patients, 0%), the absolute magnitude of this disparity is much smaller than it used to be. 29 Our findings with BRCA1/2-only testing offer strong, population-based evidence that the racial/ethnic VUS gap can be bridged. It is a crucial priority to resolve persistent racial/ethnic disparities in genetic information, particularly as increasingly comprehensive sequencing tests enter clinical practice. Outcomes including prophylactic surgery have been studied after BRCA1/2 testing, 31-33 but little is known about outcomes after sequencing other cancer-associated genes. We assessed patients' consideration, reports of their surgeons' recommendation, and use of prophylactic mastectomy. These were no higher among patients with other pathogenic variants than among patients testing negative. This finding makes clinical sense because for most cancer-associated genes other than BRCA1/2, breast cancer risks are lower or nonexistent, and the evidence base is insufficient to support guideline recommendations for prophylactic mastectomy. 17, 26 Another concern is the high VUS rate with multiple-gene sequencing, as we and others have found that clinicians may misinterpret VUS as an indication for prophylactic mastectomy. 12,34 Thus, our observation that the rate of prophylactic mastectomy was no higher for those with VUS vs negative results is reassuring. We note that the baseline rate of prophylactic mastectomy was high (35% among patients who tested negative), likely reflecting pretest preferences for this approach among patients who sought genetic testing. An important caveat is the more frequent postsurgical delay of multiple-gene sequencing, which may mean that our findings underestimate the results of multiple-gene sequencing on surgical decision making. Longer-term follow-up will be essential to understand the impact of multiplegene sequencing results on patients' decisions about breast cancer treatment and secondary cancer prevention.
Strengths and Limitations
This study has strengths and limitations. Its strengths include a diverse, population-based contemporary sample accrued from SEER registries and enriched by genetic results provided directly by testing laboratories; detailed clinical data; and a high response rate. Limitations include uncertainty about the completeness of testing ascertainment. Some tests may have been missed if performed outside of collaborating laboratories. However, surveyed clinicians reported sending nearly all germline genetic tests to these 4 laboratories, and the linkage rate of 26% closely approximates patient report of testing in our prior work. 11, 12 Given the small number of pathogenic variants in genes other than BRCA1/2, we could not analyze outcomes such as prophylactic mastectomy by specific gene affected. We did not collect data on other outcomes such as prophylactic salpingo-oophorectomy, secondary cancer screening, or genetic testing of family members. The iCanCare study oversampled patients with hormone-receptor positive disease and thus underrepresents patients with triple-negative cancers who may have higher mutation prevalence.
25,35
Patients were accrued from 2 large, diverse regions, and results may not generalize to all patients in the United States with breast cancer. Genetic testing has evolved rapidly: ongoing Abbreviation: VUS, variant of unknown significance.
a Weighted percent consideration, recommendation, and receipt of prophylactic mastectomy: all P < .001.
b The other genes in which patients had pathogenic variants were APC (2),
follow-up will be needed to capture the latest uptake trends. Despite limitations, this study demonstrates the power of genetic data linkage to enhance clinical relevance of information from population-based cancer registries.
Conclusions
Much is at stake with efforts to integrate multiple-gene sequencing into cancer care. Guidelines for managing pathogenic variants in various cancer susceptibility genes are evolving rapidly, as is genetically targeted treatment with the success of poly (adenosine diphosphate-ribose) polymerase inhibitors. 17,36 Furthermore, a strategy of widespread and more comprehensive testing in patients with cancer may be the most cost-effective approach to identifying genetic predisposition in families.
2,37
Breast cancer is an important early exemplar of the experiences and consequences of more expansive genetic testing in practice. Our findings demonstrate that sequencing more genes offers the potential advantage of more clinically valuable information and also pinpoints gaps that must be bridged to realize that potential. First, testing needs to be optimally targeted to patients deemed higher risk and accompanied by appropriate counseling. Second, testing must be more timely for patients with newly diagnosed cancer. Solving this problem will require more attention by surgeons and availability of efficient patient triage to genetic expertise, enabling faster test selection, results communication and follow-up. New care delivery models, encompassing more and better-integrated genetic counselors along with supportive technology, such as clinical decision tools, will be crucial to the success of precision oncology. Third, VUS reclassification efforts are essential to resolve the racial/ethnic disparity in the clinical utility of sequencing more and less familiar genes. Finally, although outcomes suggest clinically appropriate response to test results (pathogenic variants in BRCA1/2 were strongly associated with prophylactic mastectomy; other pathogenic variants, VUS and negative results were less so), more research is needed about the long-term consequences of multiple-gene sequencing in cancer patients and their relatives. 
